In a recently established system for intraperitoneal spermatogonial cell transplantation in salmonids, donor type A spermatogonia (type A SG) were microinjected into the peritoneal cavity of newly hatched larvae. Compared with salmonids, the larvae of marine teleosts are small and vulnerable to physiological and physical stresses, making it difficult to use them for cell manipulation. Herein, we developed type A SG cell transplantation in Nibe croaker (Nibea mitsukurii) by optimizing 1) the developmental stage of the donor testes used to prepare type A SG-enriched cell suspensions and 2) the timing and location of intraperitoneal cell transplantations to recipient larvae. Donor cells labeled with PKH26 fluorescent dye were transplanted into the peritoneal cavity of 3-, 4-, 5-, and 6-mm larvae using glass micropipettes. Consequently, 20.6% of the 4-mm larvae recipients survived for 3 wk, and 36.3% of the survivors had donor-derived cells in their gonads. The incorporated donor cells were identified as germ cells by germ cell-specific nuclear morphology and expression of a germ cell marker. In contrast, no donor type A SG were incorporated into the gonads of 6-mm recipient larvae. These data indicate that there is a distinct narrow window in the developmental stages of recipient larvae when exogenous type A SG can be incorporated into the gonads. The establishment of this system in pelagic egg-spawning marine teleosts would allow the creation of a new broodstock system in which a target species with a large body size and long generation time could be produced from related species with a small body size and short generation time.
INTRODUCTION
Stocks and species diversity of wild fish are declining globally because of massive overfishing and environmental destruction [1, 2] . Although aquaculture systems have shifted from a capture base to an artificial seed base, the application of these systems is restricted to species in which maturation and fertilization can be induced in captivity. One threatened fish species is the bluefin tuna (Thunnus orientalis [Perchformes, Scombroidei]), and the recent expansion of tuna farming reliant on the capture of wild juveniles is accelerating the decline of tuna populations [3] . Artificial seed production of bluefin tuna faces several difficulties, and one obstacle is the maintenance of broodstock in captivity. The body weight of sexually mature broodstock can reach several hundred kilograms [4, 5] , and they have to keep swimming at high speed during their lifetime to maintain respiration. Therefore, an expansive rearing space is required with intensive labor and high costs. Furthermore, it is almost impossible to administer exogenous hormones and manipulate environmental factors to induce maturation of the broodstock. Healthy larvae are also difficult to obtain from other fish species that have a large body size and long generation time. From both an aquaculture and a conservation perspective, new fish seed production methods are needed for species in which industrial-scale artificial seed production has not been established such as tunas, yellowtails, and groupers.
Recently, we developed an interspecies germ cell transplantation technique to create salmon broodstock that could produce functional trout gametes [6, 7] . Donor-derived trout primordial germ cells (PGCs [germ cells possessed by undifferentiated gonads]) and type A spermatogonia (type A SG [single spermatogonia surrounded by Sertoli cells in testis]) were microinjected into the peritoneal cavities of newly hatched salmon larvae. Both donor PGCs and type A SG actively migrated toward, and subsequently colonized, the recipient genital ridges. We also found that type A SG can differentiate into functional sperm when they are transplanted into sexually undifferentiated male larvae [8] . The colonizing cells had self-renewal activity and the ability to differentiate into functional gametes; thus, it is thought that spermatogonial stem cells represent a subset of type A SG [8] . Moreover, trout spermatogonia changed their sex and successfully differentiated into fully functional eggs when they were transplanted into female salmon larvae [7, 8] . The transplantation had been performed when the immune system of recipient larvae was immature; thus, either transplanted PGCs or type A SG were not rejected and could proliferate and mature in the xenogenic microenvironment. Therefore, if type A SG of target species (e.g., bluefin tuna) could be transplanted into a closely related species with a small body size and short generation time (e.g., chub mackerel), the donor-derived type A SG could proliferate and differentiate into mature eggs and sperm in the gonads of the surrogate parent fish. Using this technique, the seed production of large-bodied commercially important fish is expected to become possible even in small land-based fish tanks.
Our previous studies in salmonids revealed two important prerequisites for successful migration of intraperitoneally transplanted donor SG to the recipient genital ridges. First, only populations of type A SG, which are the SG singly located in the cyst structure of Sertoli cells, contain cells having the ability to migrate to and colonize the recipient genital ridges [9] . In salmonids, more than 50% of the testicular cells need to be type A SG to obtain efficient colonization by donor cells [8] . As spermatogenesis progresses, the number of type B SG, meiotic germ cells, haploid germ cells, and gonadal somatic cells drastically increases, causing a rapid decline in the percentage of type A SG in testicular cell suspensions. Therefore, determination of the most suitable developmental stage in testes of seasonal breeding teleosts is important for yielding cell suspensions with the highest concentration of type A SG. Second, the age of recipient larvae affected the frequency of donor PGCs or type A SG colonization [10, 11] . In fact, recipient rainbow trout larvae lost the ability to guide donor PGCs toward their genital ridges 2 wk after endogenous PGCs had finished migrating [10] . In later stages, the genital ridges were covered with multilayered somatic cells [12] . Colonization by exogenous PGCs or type A SG has not been observed in gonads developed to this stage. Therefore, for successful transplantation of donor germ cells, it is important to find the most suitable developmental stage in recipient larvae through detailed histological examinations of early gonadal development of recipient species.
Newly hatched larvae of salmonids are large (total length, 15 mm) because of their large egg size (diameter, 5-8 mm). However, most marine teleosts spawn small pelagic eggs (diameter, 0.8-1 mm), and their larvae are a few millimeters in total length and are very fragile [13] . To date, no cell transplantation procedure for marine fish larvae has been developed. The development of spermatogonial cell transplantation in marine perciform fish is highly relevant for the seed production of commercially valuable species or the preservation of genetic resources of endangered species because Perciformes is the largest order of teleost (with .10 000 species), and numerous species are used for aquaculture [14] . The Sciaenidae family in the Perciformes order, popularly known as croakers or drums, is a widely distributed and important food fish throughout the world [14] . Culture technologies are well established in some species of this family, especially the large yellow croaker (Larimichthys crocea), which is one of the four most important marine fish in China and had an aquaculture production of 70 000 tons in 2005 [15] . In this study, Nibe croaker (Nibea mitsukurii [Perciformes, Sciaenidae]) was selected as a model for developing spermatogonial cell transplantation in pelagic egg-spawning teleosts. This medium-sized commercially valuable fish, distributed in Japan and the East China Sea [16] , has a short generation time of 4 and 6 mo in males and females, respectively, and their broodstock are easy to maintain in small aquarium tanks. Using this fish, the optimal developmental stage of donor testes was determined by morphological and molecular analyses. Also, the optimal developmental stage of recipient larvae was determined. Furthermore, to develop a germ cell transplantation protocol in marine teleosts, intraperitoneal transplantation of donor testicular cells to allogenic larvae was performed.
MATERIALS AND METHODS

Seed Production of Nibe Croaker
All experiments were conducted at the Tateyama Station (Banda), Field Science Center of Tokyo University of Marine Science and Technology (Chiba, Japan), and were carried out in accord with the Guide for the Care and Use of Laboratory Animals in Tokyo University of Marine Science and Technology. Nibe croaker broodstock were maintained in circular fiber-reinforced plastic tanks (500 or 1000 L). For year-round spawning, water temperature was kept at 23-268C using aquarium heaters, and photoperiod was fixed at 16-18L. Fertilized eggs were collected in the morning after spontaneous spawning by water flow into an egg collector installed in each tank. Approximately 10 000 eggs were transferred to a 100-L seed production tank with gentle aeration and were incubated at a mean 6 SEM temperature of 24 6 18C. The larvae began to be fed 2 days post fertilization (pf). Rotifers (Brachionus rotundiformis) fed with frozen phytoplankton (Nannochloropsis species) (Marine Chlorella 100; Marine-Bio Inc., Kumamoto, Japan) and fresh Nannochloropsis species (Marine Fresh; Marine-Bio Inc.) were added to the tank twice a day. The density of the rotifers and the Nannochloropsis species in the tank was maintained at 30 individuals/ml and 5 3 10 5 cells/ml, respectively. Artemia nauplii and artificial food were provided from 15 days and 25 days pf, respectively. To increase the n-3 fatty acid concentration in the live food, the rotifers and the A. nauplii were incubated with Hyper Gloss (Nissin Marine Tech Co., Ltd., Kanagawa, Japan) for 6-12 h before feeding. The percentage of total water volume changed daily began at 90% and was gradually increased to 770% at the A. nauplii feeding stage and 1440% at the artificial food feeding stage.
Histology
The gonadosomatic index ([gonad weight in grams/body weight in grams] 3 100) and total length (in millimeters) were measured as indexes of testicular development of donor fish. The testes of Nibe croaker were fixed with Bouin fixative, cut into 3-lm-thick sections using the standard paraffin-embedding method, and stained with hematoxylin-eosin (HE). Images of sections were obtained using a light microscope (BX-51; Olympus, Tokyo, Japan) and a digital camera (DP-70; Olympus). The nuclear diameters of type A SG were measured using Adobe Photoshop 6.0 software (Adobe Systems, Mountain View, CA). The development of genital ridges in Nibe croaker was investigated using the serial sections of whole larvae. Similar to the testes, the larvae were processed, cut at 7-lm thickness, and stained with HE. The total number of PGCs per larva was counted using serial sections of whole individuals.
Preparation of Donor Testicular Cells and the Estimation of Type A SG Concentrations in Dissociated Testicular Cells
Donor cells were prepared from testes of 3-, 6-, and 16-mo-old male Nibe croaker. Freshly isolated testes were minced and incubated with 1 ml of 0.25% trypsin (Worthington Biochemical Corp., Lakewood, NJ) in L-15 medium (pH 7.8) (41300-039; Gibco Invitrogen Co., Grand Island, NY) containing 5% fetal bovine serum (16000-077; Gibco Invitrogen Co.) and 0.05% DNase I (11284932001; Roche Diagnostics, Mannheim, Germany) for 3 h at 258C. During incubation, gentle pipetting was applied to physically disperse any remaining intact portions of the testis. The resultant cell suspension was filtered through a nylon screen with 42-lm pore size (N-No.330T; Tokyo Screen Co., Ltd., Tokyo, Japan) to eliminate nondissociated cell clumps and was then stored on ice until the time of transplantation. For visualization, the donor cells were stained with the fluorescent membrane dye PKH26 (Sigma-Aldrich Inc., St. Louis, MO), which excites at a wavelength of 551 nm and emits at 567 nm. The staining procedure incorporates aliphatic reporter molecules into the cell membrane. Approximately 10 million cells were suspended in 0.4 ml of diluent C (an iso-osmotic aqueous solution provided with the PHK26 dye) in which PKH26 was diluted to a ratio of 4 ll of dye:0.4 ml of diluent C. The diluted dye was incubated with the cells (final concentration, 10 lmol/l) for 5 min. The cells were then centrifuged at 100 3 g for 5 min, washed two additional times in L-15, resuspended in L-15, and stored on ice until use. The number of live cells harvested from 1 mg of testis was then counted on a Thoma cytometer (Erma Inc., Tokyo, Japan) after trypan blue exclusion. To estimate the concentration of type A SG in the testicular cell suspension having a nuclear diameter larger than 9 lm, the PKH26-labeled cells were fixed with Tissue-Tek Ufix (Sakura Finetech U.S.A. Inc., Torrance, CA) containing 28.6 lM 4 0 ,6 0 -diamidino-2-phenylindole (DAPI) (D21490; Molecular Probes Inc., Eugene, OR) for 5 min. The nuclei of at least 30 cells from each Nibe croaker broodstock stage were randomly measured to obtain the percentage of cells with nuclear diameter larger than 9 lm. The values represent the mean 6 SEM of triplicate experiments.
Cell Transplantation
Transplantation needles were prepared by pulling glass capillaries (GD-1; Narishige, Tokyo, Japan) using an electric puller (PC-10; Narishige). The tips of the needles were sharpened with a grinder (EG-400; Narishige) until the opening reached 40 lm. Recipient larvae were anesthetized with 0.0075% ethyl 3-aminobenzoate methanesulfonate salt (A5040; Sigma-Aldrich Inc.) in seawater. Larvae were transferred to a Petri dish coated with 2% agar using a 10-ml glass pipette. Cell transplantation was performed with a micromanipulator (MP-2R; Narishige) and microinjector (IM-9B; Narishige) attached to a dissection microscope (SZX10; Olympus). After transplantation, recipient larvae were transferred to a recovery tank filled with seawater. Bovine serum albumin (BSA) (Cohn fraction V, 017-17846; Wako, Osaka, Japan) was added at 1 g/L (0.1%) to both the anesthetization tank and the recovery tank [17] .
TAKEUCHI ET AL.
Recipients were raised in a 100-L seed production tank until they were ready for the fluorescent microscopy studies. All transplantation experiments were performed using at least 30 larvae and were repeated at least three times.
Analysis of the Developmental Fate of PKH26-Labeled Type A SG
To evaluate the incorporation rate of PKH26-labeled donor cells into the gonad, recipient fish at either 3 or 6 wk post transplantation (pt) were observed under a fluorescent microscope (BX51N-34FL; Olympus). The digestive organs and the head were dissected out, and the remaining body was fixed with Tissue-Tek Ufix containing 28.6 lM DAPI for 5 min on ice. Gonads were further removed by fine forceps. Nuclear morphology of PKH26-labeled cells incorporated into the recipient gonads was observed with an Olympus FV1000 confocal microscope.
Five pairs of unfixed recipient gonads incorporating PKH26-labled donor cells at 3 wk pt were pooled and dissociated with 200 ll of 0.5% trypsin as already described. Twenty microliters of this cell suspension was fixed with the same volume of Tissue-Tek Ufix for 10 min on ice and then diluted with 160 ll of ice-cold PBS. Smear slides were prepared on adhesive-coated slide glass (Frontier FRC-05; Matsunami, Osaka, Japan) using a Shandon Cytospin 4 Cytocentrifuge (Thermo Fisher Scientific, Cheshire, UK) at 224 3 g (dial setting of 1500 rpm) for 5 min. After obtaining both brightfield and fluorescence images of the cells on smear slides using the fluorescent microscope, the expression of vasa was analyzed by in situ hybridization on the same slide. A 1267-base pair cDNA fragment of vasa (nucleotides 755-2021 of the Nibe croaker vasa gene) was used as an antisense RNA probe. In situ hybridization was performed as described previously by Sawatari et al. [12] .
Statistical Analysis
All data are presented as the mean 6 SEM. One-way ANOVA, followed by Tukey multiple comparisons test, was used to determine significant differences between group means. For all statistical tests, values were considered significantly different at P , 0.05.
RESULTS
Optimal Developmental Stage of Testes for Type A SG-Enriched Donor Cell Preparation
In the present study, October siblings were used to optimize the developmental stages of testes utilized for type A SG preparation. Because the presence of sperm obstructs the enzymatic dissociation of testis, nonspermiogenic testes were selected to be representative donors. Hand-stripping of fish abdomens confirmed that males started to produce semen at age 8 mo (in May) under natural seawater temperatures in our facility. Semen production stopped at age 14 mo (in November), when the water temperature fell below 208C. Therefore, nonspermiogenic testes of 3-, 6-, and 16-mo-old males were selected as potential donors and were further examined by histological studies. The mean total lengths of 3-, 6-, and 16-mo-old males were 3.9 6 0.3, 10.6 6 0.1, and 18.7 6 1.4 cm; their mean body weights were 0.7 6 0.1, 13.0 6 0.5, and 89.3 6 8.9 g, resulting in gonadosomatic indexes of 0.05%, 0.07% and 0.2%, respectively. As shown in Figure 1A , the testis of a 3-mo-old male was composed of only type A SG. The first wave of spermatogenesis had progressed in the testis of a 6-mo-old male (Fig. 1B) . Within each testicular lobule, cysts were found containing germ cells at different stages such as type A SG, type B SG, and spermatocytes (Fig. 1B) . The postspawning testis of a 16-mo-old male contained cysts of type B SG in addition to type A SG (Fig. 1C) . Spermatids, spermatozoa, and sperm were not observed in any of the stages examined.
We have previously shown in rainbow trout that only type A SG located adjacent to the lobule boundary wall are capable of colonizing recipient gonads, and these cells are designated as transplantable type A SG [9] . Therefore, we examined morphological characteristics of type A SG in Nibe croaker testis. We found that type A SG located close to the basement membrane of the lobule had large round-shaped nuclei with a mean diameter of 9.38 6 0.13 lm (n ¼ 30) (Fig. 1, A-D) . In contrast, smaller SG with a mean nuclear diameter of 6.59 6 0.11 lm (n¼ 30) formed colonies in a single cyst. Therefore, these cells are probably mitotically active and are committed to transform into type B SG (i.e., transitional SG [18] ) (Fig. 1, B and C) .
To determine the most suitable developmental stage for preparing transplantable type A SG-enriched cell suspensions, the proportions of type A SG in the dissociated cells of each nonspermiogenic testis were estimated by measuring the nuclear diameters, followed by DAPI staining (Fig. 1E) . Based on the histological studies, cells that had a nucleus larger than 9 lm were counted as type A SG. In addition, in situ hybridization of smear samples revealed that 82.8% of cells (n ¼ 64) with nuclei larger than 9 lm were positive for the germ cell marker vasa (Fig. 1F) . Testicular cell suspensions of 3-, 6-, and 16-mo-old males contained 38.1% 6 7.7%, 12.3% 6 5.8% and 13.1% 6 7.5% type A SG, respectively (Fig. 1G) . Therefore, 9.4 6 3.5, 3.1 6 0.8, and 1.8 67.7 (3 10 4 ) type A SG were prepared from 1 mg of 3-, 6-, and 16-mo-old testes, respectively (Fig. 1H) . Both the proportion and the yield of type A SG were significantly high in 3-mo-old testis among the three different stages of nonspermiogenic testes used in this study. Furthermore, we examined the cell labeling ability of PKH26 using these testicular cells. Among all stages, 96.4% 61.2% of testicular cells (including vasa-positive type A SG) were strongly stained by PKH26 fluorescent dye; 92.3% 6 1.4% of PKH26-stained cells were viable. These data suggest that PKH26 is a suitable vital marker for male germ cells in Nibe croaker.
Early Gonadal Development of Nibe Croaker
Previous studies [10, 11] in rainbow trout showed that recipients lost the ability to guide donor PGCs or type A SG toward their genital ridges as gonads developed. Therefore, we investigated morphological characteristics of four different stages of rotifer feeding-stage larvae using serial section study of whole larvae. Four-, 6-, 8-, and 12-mm larvae were sampled at 12, 18, 23, and 30 days pf, respectively. In 4-mm larvae, PGCs had settled in the upper part of the peritoneal cavity where the genital ridges form (Fig. 2A) . The number of PGCs ranged from six to nine per individual at this stage (Fig. 2E) . Although PGCs had finished migrating, they were not enclosed by gonadal somatic cells at this stage. Genital ridges were formed in 6-mm larvae, and a single layer of gonadal somatic cells covered the PGCs (Fig. 2B) . The number of PGCs increased to the range of 18-33 (Fig. 2E ), suggesting that PGCs had started to proliferate in the genital ridges. In the genital ridges of both 8-and 12-mm larvae, the number of PGCs was drastically increased in accord with body growth (Fig. 2, C-E) . A cluster of PGCs was seen in a transverse section. Proliferated gonadal somatic cells formed a singlelayered epithelium of the genital ridges (Fig. 2, C and D) . Sexual dimorphism of the genital ridges was not observed. These results suggest that the migration of endogenous PGCs of this species finishes between the 4-and 6-mm larval stages, and PGCs immediately started to proliferate after they were enclosed by the gonadal somatic cells.
Incorporation of Transplanted Type A SG into Allogenic Recipient Genital Ridges
To facilitate viable spermatogonial cell transplantation in marine teleosts, we developed a method to microinject testicular cell suspensions into the peritoneal cavity of 3-, 4-, 5-, and 6-mm allogenic recipient larvae. We only used 3-moold Nibe croaker males as donors because the maximal yield of type A SG was obtained from the testes of 3-mo-old males (Fig. 1, G and H) . The addition of BSA to the rearing water can reduce the mortality of marine fish larvae caused by handling stresses [17] . Therefore, we tested whether the presence of either 0.01% or 0.1% BSA in both the anesthetization and recovery tanks can reduce the mortality caused by the penetration of transplantation needles. The addition of 0.01% BSA into both the anesthetization and recovery tanks significantly reduced mortality 2 h and 48 h after transplantation (Fig. 3A) . The survival rates of manipulated larvae reared in the presence of 0.1% BSA also tended to improve, but the increase was not significant. Therefore, spermatogonial cell transplantations were performed in the presence of 0.1% BSA in seawater. Because PGCs are known to migrate from extragonadal areas to gonadal regions, guided by chemotaxic signals secreted from precursors of gonadal somatic cells [19] , we hypothesized that exogenous donor type A SG transplanted to a site near the recipient genital ridges are more likely to migrate toward the ridges and colonize them. Endogenous PGCs of Nibe croaker were found on the peritoneum close to the posterior end of the swim bladder by histological analysis (Fig. 3B) . Therefore, the tip of the transplantation needle was inserted into the peritoneal cavity below the swim bladder (Fig.  3C) . Approximately 15 nl of the donor cell suspension, containing 20 000 testicular cells labeled with PKH26 fluorescent dye, were intraperitoneally transplanted into each allogenic recipient (Fig. 3D) . Only 2.9% (n ¼ 140) of the SPERMATOGONIAL TRANSPLANTATION IN MARINE TELEOST manipulated 3-mm larvae survived to 3 wk pt; however, 20.6% (n ¼ 155), 38.7% (n ¼ 168), and 63.3% (n ¼ 60) of 4-, 5-, and 6-mm manipulated recipients, respectively, survived to 3 wk pt (Fig. 3E) .
To select the most suitable developmental stage of recipient larvae for transplantation, the presence of PKH26-labeled cells in the recipient gonads was investigated at 3 wk pt by fluorescence microscopy. No fluorescence was observed in either the peritoneal cavity (Fig. 4A) or gonads of nontransplanted controls (Fig. 4C) . PKH26-labeled cells were attached to the peritoneal wall or the dorsal mesentery of all recipients examined, suggesting that donor cells were successfully transplanted into the recipient peritoneal cavity and were not rejected in the allogenic environment for at least 3 wk (Fig.   4B ). The incorporation of donor cells was confirmed by examining excised gonads from the recipients (Fig. 4D) . Fifty percent of 3-mm recipients (n ¼ 4) and 36.3% 6 12.1% of 4-mm recipients (n ¼ 61) had donor-derived cells in the gonads (Fig. 4E) . Incorporation rates were drastically decreased to 7.3% 6 3.6% in 5-mm recipients (n ¼ 61), and no PKH26-labeled cells were observed in the gonads of 6-mm recipients (n ¼ 38). The highest incorporation efficiencies (incorporation rates 3 survival rates) obtained in the 3-, 4-, and 5-mm recipients were 1.5%, 7.5%, and 2.8%, respectively. Therefore, we concluded that the 4-mm individual was the most suitable developmental stage for recipient Nibe croaker larvae.
The colonized gonads of 4-mm recipients at 3 wk pt were observed in sagittal plane by confocal microscopy to determine if the incorporated donor cells had the morphological characteristics of germ cells. Sagittal sections of the gonads of recipients at 3 wk pt with HE staining revealed that germ cells in the undifferentiated gonad have larger nuclei than gonadal somatic cells (arrowheads in Fig. 5A ). The recipient gonads having PKH26-labeled cells were therefore stained with DAPI to test whether PKH26-labeled cells had the germ cell-specific large nuclei (Fig. 5B) . Each recipient gonad was optically sectioned (z ¼ 0.45 lm) in sagittal plane using confocal microscopy. Larger nuclei of every germ cell (arrowheads) were easily distinguished from smaller nuclei of somatic cells in a DAPI image (Fig. 5B, bottom left) . Merging the DAPI and PKH26 signals confirmed that one of the cells showing a large nucleus (red arrow) was positive for PKH26 staining (Fig. 5B, bottom right) . These data strongly suggested that the incorporated PKH26-labeled cell in the recipient gonad 1060 was a donor-derived germ cell. In addition, the donor-derived germ cell (red arrow in Fig. 5B, bottom left) was surrounded by gonadal somatic cells in the same way as endogenous PGCs (arrowheads in Fig. 5B, bottom left) . The vasa gene expression in PKH26-labeled cells was tested by in situ hybridization (Fig.  5C ). Excised gonads from five recipients were mixed and dissociated for smear preparations of recipient gonads. Twentynine of 36 (80.6%) PKH26-labeled cells were positive for vasa, suggesting that donor-derived type A SG were successfully incorporated into the allogenic recipient gonads.
To examine whether the donor-derived cells could colonize the genital ridges of female recipients, sexually differentiated recipient gonads were observed by fluorescence microscopy. The ovary was morphologically distinguishable from the testis at 6 wk pt (i.e., approximately 8 wk pf) because it was thicker than the testis (Fig. 6A) . Differentiation of the ovary was further confirmed by the formation of the ovarian cavity (Fig.  6C ). Fifty males (52.1%) and 46 females (47.9%) were observed by dissection of the gonads of 96 recipients at 6 wk pt. The sex ratio was thus approximately 1:1, suggesting that transplantation of testicular cells did not cause masculinization. Observation of the differentiated recipient gonads under the fluorescence microscope revealed that 88.0% of the testes and 56.5% of the ovaries had PKH26-labeled cells (Fig. 6, D and E). Thus, type A SG prepared from donor testes were also incorporated into the embryonic gonads of female recipients. Tracing donor-derived cells in later stages of recipient development was difficult because the red fluorescence of the PKH26 dye was diminished owing to decomposition and dilution caused by cell divisions.
DISCUSSION
In this study, we developed the first spermatogonial cell transplantation system in a marine teleost. We demonstrated that intraperitoneal transplantation of type A SG is a powerful method of germ cell transplantation in two diverse teleost species (i.e., salmonids [8] and sciaenids), suggesting that the mechanisms underlying the donor germ cell incorporation into recipient gonads are conserved in a wide range of teleost species. In addition, the present study described for the first time the early development of genital ridges and morphological sex differentiation of the gonads in sciaenids. Also, we introduce a method to select a suitable developmental stage of testis for the maximal yield of type A SG, which would be feasible in other teleosts. Based on histological examinations of developing genital ridges, 3-to 6-mm rotifer feeding Nibe croaker larvae were selected as potentially susceptible recipients for the incorporation of donor type A SG. Type A SG prepared from prespermatogenic testis of 3-mo-old Nibe croaker were most efficiently incorporated into the genital ridges of allogenic recipients when they were transplanted into the peritoneal cavity of 4-mm larvae. Thus, the total body length can be an indicator of the optimal developmental stage of recipient larvae. Donor spermatogonia were found in recipient ovaries and testes, suggesting that spermatogonia can migrate toward and colonize recipient genital ridges of either sex.
In this study, Nibe croaker type A SG prepared from adult fish were incorporated into the gonads of sexually undifferentiated recipient larvae. The mechanisms controlling this phenomenon are as yet unknown, but there is a distinct narrow window in the developmental stages of recipient larvae when exogenous type A SG can be incorporated into the gonads. Detailed studies of genital ridge development of Nibe croaker larvae revealed that endogenous PGCs of 6-mm larvae are enclosed by a single layer of surrounding somatic cells, whereas the PGCs of 4-mm larvae are not enclosed. The average number of endogenous PGCs in 6-mm larvae is three times higher than that in 4-mm larvae. In addition, migrating PGCs that had not reached the future gonadal area were often observed in histological sections of 3-and 4-mm larvae (data not shown). These data suggest that germ cell development of this species passes from the migration phase to the proliferation phase before larvae reach 6 mm in length. Notably, no donor cells colonized the genital ridges of 6-mm allogenic recipients, whereas donor cells successfully colonized the genital ridges when transplanted into larvae 3 to 5 mm in length. Therefore, the loss of susceptibility to donor type A SG incorporation coincides with drastic changes in the morphology of recipient genital ridges and in the number of endogenous PGCs. Potential mechanisms explaining the developmental time window for the appropriate recipient are as follows in the peritoneal cavity of 6-mm larvae: 1) chemotactic signals secreted from the gonadal somatic cells during endogenous PGCs migration had ceased, 2) the developed gonadal epithelium blocked the incorporation of donor type A SG, and 3) niches for germ cells in the recipient genital ridges had been already occupied by the proliferating endogenous PGCs.
Nibe croaker larvae hatch early in development (i.e., the newly hatched larvae do not have pigmented eyes, open mouth, and anus), which is typical for pelagic egg-spawning teleosts). Notably, the migration of PGCs toward the genital ridges was not completed until larvae started feeding and reached 3 or 4 mm in total length, giving us an opportunity to transplant exogenous type A SG near the migratory route of endogenous PGCs. Furthermore, PGCs did not start to proliferate until they reached the genital ridges. Thus, the pattern of genital ridge development in Nibe croaker was similar to that in freshwater fish such as zebrafish and rainbow trout [20] . Although there is little knowledge about the genital ridge development in pelagic egg-spawning marine teleosts, a similar pattern of genital ridge development was observed in Japanese flounder (Paralichthys olivaceus) [21] , Spratelloides gracilis [22] , and black porgy (Acanthopagrus schlegeli) [23] .
Germ cell-specific visualization methods using fluorescent protein genes (such as the transgenic technique [24] or injection of chimeric RNA designed to be stabilized specifically in germline cells [25] ) were used in previous germ cell transplantation experiments in teleosts. However, these methods are not practically applicable to a wide range of fish species, especially commercially valuable marine teleosts, because they require numerous microinjections into the fertilized eggs of donor species. Therefore, we developed a versatile method to investigate the incorporation of donorderived type A SG in recipient teleost gonads by combining confocal analysis with molecular marker analysis. Merging fluorescent dye labeling with distinctive nuclear staining of germ cells under a confocal microscope, as well as in situ hybridization of smear samples of recipient gonads with a germ cell marker gene, made it possible to confirm whether PKH26-labeled cells incorporated into the recipient gonads were donorderived type A SG. In combination with molecular tools such as strain-specific microsatellite markers or species-specific PCR primers [26] and cRNA probes for in situ hybridization, it should be possible to confirm the proliferation and differentiation of donor-derived type A SG in either allogenic or xenogenic recipient gonads.
The lipophilic cell membrane dye PKH26 has been widely utilized to label germ cells in domestic animals [27] [28] [29] , but for teleost germ cells it has only been applied to the freshwater Nile tilapia (Oreochromis niloticus) [30] . Our data show that almost all dissociated testicular cells of Nibe croaker were SPERMATOGONIAL TRANSPLANTATION IN MARINE TELEOST stained, without significant mortality. The PKH26-labeled type A SG also had the ability to migrate toward and be incorporated into recipient genital ridges. Fluorescent labeling of type A SG lasted for at least 6 wk, which was long enough to investigate the incorporation of donor-derived type A SG in recipient gonads. Therefore, PKH26 is a suitable fluorescent dye for germ cell transplantation in teleosts. One shortcoming of this tracer is that its fluorescence intensity is reduced by cell division [31] . The rate of donor type A SG incorporation into recipient ovaries was lower than that in recipient testes in this study. During sexual differentiation in teleosts, oogonia proliferate clonally before entering meiosis, whereas spermatogonia are mitotically arrested [32] . Therefore, declining PKH26 fluorescence intensities in donor-derived germ cells occurred only in the ovary during the progression of premeiotic mitosis, causing an underestimation of donor germ cell incorporation in female recipients. Indeed, there were no significant differences in the efficiency of the incorporation of donor type A SG between male and female recipients in rainbow trout [8] .
In this study, transplant rejection of donor cells did not occur in the allogenic peritoneal cavity, suggesting that Nibe croaker larvae were immunologically immature when total body length was 6 mm or less. It should therefore be possible to apply this germ cell transplantation method to xenogenic donor testicular cells. Mulloway (Argyrosomas japonicus [cultured in Australia and Africa]) and red drum (Sciaenops ocellatus [cultured in North America and South America]) are large-bodied members of the Sciaenidae family (body weight and length up to 40 kg and 150 cm) and are important food fish. Wild populations of these species are declining because of overfishing [33, 34] . Stock enhancement programs for these species are under way through release of artificially produced juveniles into the natural habitat, but it is difficult to maintain sufficient numbers of the large-bodied broodstock to preserve genetic diversity in artificial seeds. We recently reported xenogenic transplantation of rainbow trout (Oncorhynchus mykiss) spermatogonia into sterile triploid masu salmon (Oncorhynchus masou) larvae [7] . In the triploid salmon, broodstock that do not produce endogenous gametes produced eggs and sperm of the trout. Offspring populations consisting only of trout were generated through fertilization using the eggs and sperm of surrogate salmon parents. The transplantation method developed in this study opens the way to transplant type A SG of large-bodied sciaenid fish into closely related but small-bodied Nibe croaker larvae. It should then be possible to reduce the required broodstock rearing space and to increase the number of broodstock that can be reared in small fish tanks. This approach is expected to be useful in preserving the genetic resources and diversity of large-bodied marine teleosts.
